Abstract Using meteor wind data from the Super Dual Auroral Radar Network (SuperDARN) in the Northern Hemisphere, we (1) demonstrate that the migrating (Sun-synchronous) tides can be separated from the nonmigrating components in the mesosphere and lower thermosphere (MLT) region and (2) use this to determine the response of the different components of the semidiurnal tide (SDT) to sudden stratospheric warming (SSW) conditions. The radars span a limited range of latitudes around 60°N and are located over nearly 180°of longitude. The migrating tide is extracted from the nonmigrating components observed in the meridional wind recorded from meteor ablation drift velocities around 95-km altitude, and a 20-year climatology of the different components is presented. The well-documented late summer and wintertime maxima in the semidiurnal winds are shown to be due primarily to the migrating SDT, whereas during late autumn and spring the nonmigrating components are at least as strong as the migrating SDT. The robust behavior of the SDT components during SSWs is then examined by compositing 13 SSW events associated with an elevated stratopause recorded between 1995 and 2013. The migrating SDT is seen to reduce in amplitude immediately after SSW onset and then return anomalously strongly around 10-17 days after the SSW onset. We conclude that changes in the underlying wind direction play a role in modulating the tidal amplitude during the evolution of SSWs and that the enhancement in the midlatitude migrating SDT (previously reported in modeling studies) is observed in the MLT at least up to 60°N.
Introduction
Classical atmospheric tidal theory (Chapman & Lindzen, 1970) predicts that the strongest tidal mode in the midlatitude to high latitude is the first symmetric mode of the migrating (i.e., Sun-synchronous) semidiurnal tide (SDT). This tide is primarily generated in the stratosphere through the day-night cycle of solar insolation on low-latitude ozone. Conservation of energy dictates that the amplitude of the tide grows exponentially as it propagates vertically such that, in the midlatitude to high-latitude mesosphere and lower thermosphere (MLT) region, the migrating SDT is often the largest amplitude periodic oscillation observed in the horizontal wind.
Tide perturbations play a crucial role in distributing atmospheric trace constituents (e.g., Ward, 1998) , in modulating gravity wave (GW) fluxes (e.g., Andrioli et al., 2013; Beldon & Mitchell, 2010; Espy et al., 2004) , and in the momentum budget of the lower thermosphere (e.g., Becker, 2017; Miyahara et al., 1993) . Changes in the forcing conditions in the lower atmosphere, coupling between different meridional and zonal modes of the tide, tidal interactions with planetary waves (PWs) and/or GWs, and changes in the background atmosphere (through which the tide propagates) can all modulate the observed tidal amplitude over time (Riggin et al., 2003) .
It is often assumed that the semidiurnal wind variability is dominated by the migrating SDT (hereafter, SW2 for semidiurnal, westward propagating, zonal wavenumber 2) since it is theoretically predicted to be strongest beyond the tropics. However, observational studies using multiple ground-based radars have demonstrated that nonmigrating components other than the pure SW2 are often present in the Northern Hemisphere (NH) MLT region (e.g., Manson et al., 2009; Portnyagin et al., 2004) . Using the NASA Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite Doppler Interferometer (TIDI) measurements, Iimura et al. (2010) demonstrated that a nonmigrating SW1 (i.e., semidiurnal, westward ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. propagating zonal wavenumber 1 tide) is clearly present in the NH MLT horizontal winds, maximizing around 60°N in late spring/early summer. In addition, evidence was presented for the presence of a nonmigrating wavenumber 3 (SW3) and a weak zonally symmetric (S0) SDT especially evident in the lower thermosphere. Although the observed NH nonmigrating tides are generally weaker than those observed in the Southern Hemisphere MLT during the austral summer months (e.g., Baumgaertner et al., 2006; Hibbins et al., 2010; Iimura et al., 2009; Murphy et al., 2006) , their contributions to the total NH MLT SDT variance are significant.
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The origins of these nonmigrating tides are still under debate (Miyoshi et al., 2017) . Zonally asymmetric latent heating (e.g., Hagan & Forbes, 2003) and nonlinear interactions between migrating tides and PWs may both play a part in their generation (e.g., Angelats i Coll & Forbes, 2002; Teitelbaum & Vial, 1991) . However, the forcing mechanisms and the propagation characteristics of each mode are clearly very different.
Recent observational studies have noted SDT enhancements in response to changes in the NH polar upper atmosphere associated with the sudden stratospheric warming (SSW) phenomenon (e.g., Bhattacharya et al., 2004; Goncharenko et al., 2012; Nozawa et al., 2012; Orsolini et al., 2017) . During SSWs, the wintertime circumpolar stratospheric wind can reverse, and the polar stratosphere rapidly warms on the order of 10K over a few days. The anomalous mean meridional circulation (MMC) induced by strong quasi-stationary PW forcing during SSWs can impose far-reaching effects vertically, both below and above the stratosphere, as well as meridionally toward the summer hemisphere (e.g., de Wit et al., 2015; Randel, 1993) . Observations using a single medium-frequency radar at Tirunelveli (9°N, 78°E) by Sridharan et al. (2012) revealed enhancements in the semidiurnal wind variability in the low-latitude MLT during the 2006 and 2009 SSW events. Tidal enhancements have also been observed in the low-latitude ionosphere during the 2009 SSW (e.g., Lin et al., 2012; Pedatella & Forbes, 2010) . Pedatella and Forbes (2010) suggested that the interaction between the migrating SDT and strong PW activity during SSWs promoted the amplification of nonmigrating SDT components.
Previous global climate model simulations suggest modulation of the SDT in the midlatitude to high latitude during SSW events (e.g., Sassi et al., 2013) . Using the National Center for Atmospheric Research Whole Atmosphere Community Climate Model with specified dynamics (SD-WACCM; Marsh, 2011; Marsh et al., 2013) , Limpasuvan et al. (2016) modeled a robust amplification of the SW2 tide in the composite MLT structure during SSWs. Focusing particularly on SSWs with an associated elevated stratopause (ES) when strong stratosphere-MLT coupling persists, these authors illustrated that the enhanced equatorial upwelling (and cooling) due the anomalous MMC led to an increase in tropical middle and upper stratospheric ozone, as observed by Sridharan et al. (2012) . The region of increased ozone concentration coincides with enhanced upward SW2 wave activity that ultimately propagates into the high winter latitude after the SSW onset (when the stratospheric wind reverses at 1 hPa). In analyzing the SD-WACCM simulation for the 2013 SSW-ES and the 12-hr variability in the horizontal wind observed from meteor radar observations over Trondheim, Norway (63.4°N), Orsolini et al. (2017) also provided local observational evidence of SDT enhancement in the high-latitude MLT. The enhanced SDT structure peaked at a lower altitude range and exhibited a much larger amplitude than the corresponding SW2 simulated in SD-WACCM. However, as noted by Smith (2012) , SD-WACCM tends to underestimate tidal signatures.
While the several aforementioned studies show the excitation of the SDT at high winter latitudes following SSWs, collaborative observations are required to lend further confidence to these simulations. However, these observations are hard to attain. Single-station measurements are unable to characterize the separate zonal components of the SDT and their variability. Constructive and destructive interference between different zonal wavenumbers can in itself drive longitudinal and temporal variations in the locally measured semidiurnal wind variability (e.g., Hibbins et al., 2010) . Any discussion of the drivers of tidal variability needs to address each mode separately. Furthermore, the behavior of nonmigrating modes of the SDT during SSWs is still uncertain. In order to isolate the different tidal modes, and to measure their temporal evolution over short time scales, high quality longitudinally spread contemporaneous long-term observations are required, ideally from cross-calibrated systems of a similar consistent engineering design.
The NH midlatitude to high-latitude chain of Super Dual Auroral Radar Network (SuperDARN; Greenwald et al., 1995) radars, consisting of a chain of eight high-frequency (HF) radars that span nearly 180°of longitude, can be used to delineate the various zonal components of the SDT. Kleinknecht et al. (2014) demonstrated that concurrent horizontal wind data associated with the meteor drift observed by SuperDARN radars could be used to derive the various PW components (zonal wavenumbers 1 and 2) in the MLT at these latitudes. Climatologies (Kleinknecht et al., 2014) and studies of PW variability during summer , the autumn equinox (Stray et al., 2014) , and during SSWs (Stray, Orsolini, et al., 2015) were presented using SuperDARN data recorded between 2000 and 2008.
Using an approach similar to that presented in Kleinknecht et al. (2014) , we demonstrate in this paper that meteor wind data from the NH midlatitude to high-latitude chain of SuperDARN radars can be used to extract and isolate the primary (migrating and nonmigrating) components of the NH MLT SDT. To date, simultaneous data from multiple SuperDARN radars have not been used in this manner. Derived from over 20 years of radar data, climatologies of the different components of the SDT are presented to facilitate additional discussion on the drivers of tidal variability. Second, using a composite of 13 SSW-ES events, we present observational evidence on the role of SSWs in modulating the components of the SDT in the NH midlatitude to high-latitude wintertime when this tide is known to be both strong and highly variable.
Data and Methodology
The HF radars in the SuperDARN network measure electric fields in the ionospheric E and F regions in the midlatitude and high-latitude regions of both hemispheres (Greenwald et al., 1995) . Using the multipulse sounding technique of Farley (1972) , the radars also detect grainy near-range echoes in the lowest range gates that are predominately scattered from meteor trails whose velocity data correspond to the neutral wind near 95 km (Hall et al., 1997) . For this study, we focus on the SuperDARN chain of eight NH radars that span a limited latitudinal range over nearly 180°of longitude, from Hankasalmi in Finland to Kodiak in Alaska (Table 1) . Figure 1 shows the data coverage from the radar chain during this period. Simultaneous data from at least six individual radars are typically available on any given day after the mid-1990s.
We adopt an approach similar to Kleinknecht et al. (2014) to extract various zonal wavenumber components of the MLT SDT from SuperDARN meteor wind data recorded between 1995 and 2016. The horizontal components of the hourly mean winds are fitted with a single value decomposition (Press et al., 1992) to the lineof-sight meteor trail velocities detected in the first four range gates of each radar (Hibbins & Jarvis, 2008) . These gates lie between 180-and 400-km distance from the radar (Chisham & Freeman, 2013) and intercept the upper MLT where these HF radars typically detect meteor ablation trails. Due to each individual radar's limited spread in azimuth (~45°) and the poleward orientation of the majority of radars in the chain, the meridional wind component is typically fitted with a lower standard deviation and is therefore the Table 1 and are displayed from east to west (with the westernmost radar at the bottom).
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Journal of Geophysical Research: Atmospheres component presented in the subsequent analyses. The derived meridional winds are representative of the altitude range over which meteor trails are detected at around 12 MHz (Chisham & Freeman, 2013) and agree well with horizontal winds recorded at around 95 km altitude as determined from comparative studies with other colocated radars (Hall et al., 1997; Hibbins & Jarvis, 2008; Hussey et al., 2000) .
The hourly mean meridional winds underwent a quality control procedure similar to that discussed in Kleinknecht et al. (2014) before an average 24-hr day was generated for each radar, obtained by averaging each of the hourly mean winds derived over a running 4-day period with each data point weighted by the reciprocal of the square of the standard deviation of the hourly mean fitted wind. A total of at least 48 hr of data were required in each 4-day period, with each hour repeated at least twice. The mean wind was subtracted from each mean day for each radar to generate a residual mean wind. A nonlinear least squares surface fit was then performed on the residual winds from all radars given the hour of day and longitude of the observations, provided data from at least four radars were present in any given 4-day period. The functional form of the fit represented the migrating diurnal, zonal wavenumber 1 tide (DW1) and migrating semidiurnal, zonal wavenumber 2 tide (SW2) together with the nonmigrating, semidiurnal westward propagating zonal wavenumber 1 (SW1) and wavenumber 3 (SW3) tides. During the fitting process each residual wind data point was weighted by the reciprocal of the square of the standard deviation of the mean measurement.
In order to investigate the independence of each of the fitted components, tests were undertaken as follows:
In each of four cases artificial data were generated at each radar longitude representative of a single component of the tides (DW1, SW1, SW2, and SW3) of amplitude 10 m/s. This was subjected to the four-component fitting process described above. Increasing levels of white (Gaussian) noise were added to the data to simulate a range of realistic signal-to-noise ratios (S/N) between 100 and 1. Each fitting routine was run 100 times with 100 different realizations of white noise, and the final fitted amplitudes of the four components together with the standard deviation of the fit were investigated. An example of the four-component fit generated from a pure SW2 wave is reproduced in Figure 2 over the range of S/N. These simulations indicated that there was no significant cross-talk between each of the four fitted modes of the tides. As the data tend toward a S/N of 1 the components not present in the synthetic data grow in fitted amplitude, but in no case was their fitted amplitude significantly different from 0. And in no cases did the fitted amplitude of the true component systematically deviate from its correct value; only the error in the fitted amplitude grows in line with the higher noise level in the synthetic data. Similar results were obtained for four component fits to each of the three other individual tidal components. Iimura et al. (2010) detected a small S0 component to the SDT in their analysis of the nonmigrating components of the tide in the TIDI satellite data. Due to the limited spread in longitudes of the radar chain, we are unable to unambiguously fit the S0 component of the SDT. Tests showed that an S0-like response can be returned from the fitting procedure as a linear combination of the SW1, SW2, and SW3 SDTs over the longitudes of the radar chain. So undersampling of a potential S0 component may oversample the other components, especially the SW1 and SW2. This must be considered in interpreting the data. However, we note that the S0 component was the smallest nonmigrating component of the SDT extracted from the TIDI meridional winds at 60°N and 95 km altitude (Iimura et al., 2010) . We also see no strong evidence that the SW1 and SW2 components vary systematically, either in the climatologies presented here or in the amplitudes of the daily fits. Figure 3 shows an example of the surface fit to the hourly mean meridional wind recorded from the eight radars (orange circles) simultaneously over the 4-day period centered on 18 September 2008. In this case, the tidal disturbance was predominantly SW2, precessing westward at a rate of 180°of longitude every 12 hr (i.e., Sun-synchronous). To examine the robustness of the fitting process, the nonlinear least squares fit was Figure 2 . Example four-component fit to trial data of varying signal-tonoise ratios. In this case the four components used in the paper are fitted to a pure 10 m/s amplitude SW2 tide over a range of white (Gaussian) noise levels. Error bars represent twice the standard deviation of the fitted amplitudes. DW1 = migrating diurnal, zonal wavenumber 1 tide; SW1 = semidiurnal, westward propagating, zonal wavenumber 1 tide; SW2 = semidiurnal, westward propagating, zonal wavenumber 2 tide; SW3 = semidiurnal, westward propagating, zonal wavenumber 3 tide.
Journal of Geophysical Research: Atmospheres repeated eight times, each time with all data from one of the eight radars omitted from the fit. These tests showed that the overall quality of the fit and the outcome of the fitting process does not depend on data from any one particular radar. Figure 3 illustrates the advantage of using the simultaneous radar chain; unlike single-station observations or uncoordinated multiple stations, the derived tidal perturbation is global with zonal wavenumber 1-3 migrating and nonmigrating components potentially well delineated.
Climatology of the SuperDARN SDTs
Time series of the 4-day running mean amplitude of the three fitted components of the SDT (SW1, SW2, and SW3) are presented in Figures 4a and  4b . The figures clearly show that the SW2 (migrating) component of the tide is typically stronger than the other components with a repeatable annual cycle peaking in winter and autumn superimposed on a longerterm amplitude modulation with peaks around the late 1990s and the years around 2013. The red vertical lines in Figure 4 represent the onset dates of SSWs (with an associated ES) taken from Limpasuvan et al. (2016) and will be discussed in the next section.
Climatologies of these three components are shown in Figure 5 . In common with previous studies, the SDT amplitude at these latitudes in the MLT maximizes around the autumn equinox with a secondary maximum in wintertime. Mitchell et al. (2002) observed maxima in the semidiurnal wind variability of >30 m/s amplitude in the meridional wind field in the autumn and winter from single-station meteor radar observations around 95 km above Esrange (68°N, 21°E) . Similar values have been reported around these altitudes and latitudes from satellite observations (e.g., Burrage et al., 1995) and other ground-based radars (e.g., Kishore Kumar & Hocking, 2010) . We note that although the overall climatology is similar in form to other observations from these latitudes, the tidal amplitudes reported here are somewhat smaller. It should be noted that the SuperDARN radars derive a mean hourly wind over a vertical full width at half maximum around 12 km (Chisham & Freeman, 2013) , and hence the measured amplitudes of waves with small vertical wavelengths may be underreported in the derived data from SuperDARN radars compared to other systems with height finding and higher vertical resolution (see, e.g., Hibbins et al., 2011 , for comparisons of tide data derived with a single SuperDARN radar compared to that derived from a near colocated Skiymet system). Figure 5 shows that the two maxima in autumn and winter are predominantly due to the migrating (SW2) component of the SDT with smaller contributions from SW1 and SW3 especially around the equinoxes. The SW1 and SW3 components appear to vary similarly, with the amplitude of the SW1 component slightly larger throughout most of the year. A striking feature of these resolved components is the rapid reduction in the strength of the SW2 component after the autumn equinox coincident with an increase in the strength of the SW1 component. Figure 5 demonstrates that during days 280-310, the SW1 component is actually the strongest contribution to the observed 12-hr variability at these latitudes, and during springtime (between approximately days 80 and 140) the three zonal components are of a similar amplitude. By comparing radar data from Svalbard (78°N, 18°E) and the CANDAC-PEARL station (80°N, 86°W), Manson et al. (2011) observed a weak, but significant, SW1 SDT which was strongest around March-June, together with a mix of SW1 and SW3 SDTs in late autumn/winter in addition to the dominant migrating (SW2) SDT. This is in good agreement with the results presented here from slightly lower latitudes and also with the TIDI satellite results of Iimura et al. (2010) from around 60°N discussed earlier.
Figures 4 and 5 demonstrate a complex mixture of semidiurnal tidal modes throughout the year around the NH SuperDARN radars' latitude (approximately 60°N). The investigation of the drivers of the nonmigrating tidal components and their long-term variability will be the subject of future work. In the next section, we concentrate on the role of SSWs in driving the short-term variability of the three components of the SDT in light of the modeling work of Limpasuvan et al. (2016) .
SDT Variability During the 2013 SSW
We begin by comparing the response of the SDT to the 2013 SSW presented in Orsolini et al. (2017) from the Trondheim (63°N) meteor radar 
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Journal of Geophysical Research: Atmospheres with the three individual components of the SDT derived from the SuperDARN data corresponding to a similar latitude. Figure 6 shows the amplitude of the 12-hr meridional wind variability presented as a contour plot between 82 and 97 km over Trondheim for a 5-week period beginning 1 week before the onset date of the 2013 SSW (5 January 2013, as defined below). For comparison, the three components of the SDT derived from the SuperDARN chain of radars are presented over exactly the same time period.
Consistent with the single-station meteor radar observations from Trondheim presented in Orsolini et al. (2017) , a strong burst of SDT is clearly seen in the SuperDARN SDT components following the SSW peaking at around 17 days after onset. These data demonstrate that the enhancement is associated strongly with the SW2 component, as predicted by the SD-WACCM modeling presented in Orsolini et al. (2017) , and to a lesser extent with the nonmigrating components.
The Mean Response of the SDT to Recent SSWs
The red vertical lines in Figure 4 represent the onset dates of major SSWs with associated ES events, as taken from Limpasuvan et al. (2016) . Briefly, based on the criteria established in Stray, Orsolini, et al. (2015) , an SSW event is declared when three conditions are met: (1) The wintertime polar cap (70°N to 90°N) averaged temperature drops below 190 K between 80 and 100 km; (2) the polar cap zonal-mean zonal wind reverses from eastward to westward at 1 hPa (~50 km) and persists for longer than 5 days (Tweedy et al., 2013) ; and (3) the polar cap stratopause altitude changes by at least 10 km upward. The 13 SSW onset dates span the period between January 1995 and January 2013. Two winters (1998/1999 and 2000/2001) experienced two SSWs with onsets separated by 70 and 49 days, respectively. Of these 13 SSWs, only two are categorized as vortex split events (onset dates 24 January 1995 and 21 January 2009) based on SD-WACCM geopotential maps at 10 hPa (Limpasuvan et al., 2016) , with the others being vortex displacement events. Vortex displacement during SSWs refers to the occurrence when the vortex structure becomes highly displaced off the pole for an extended period. The geopotential height field that characterizes the vortex takes on a zonal number 1 characteristic, with one local minimum in the midlatitude to high latitude. Vortex split during SSWs refers to the rarer occurrence when the polar vortex evolves into two distinct vortices with two local minima in the geopotential height field. 
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As discussed in Limpasuvan et al. (2016) and Stray, Orsolini, et al. (2015) , the SSW onset criteria used here differ from the more widely used World Meteorological Organization definition based on 10-hPa zonal wind reversals at 60°N. However, Butler et al. (2015) discuss the range of previously used SSW definitions in the literature and emphasize the variability that different definitions can create in the timing of SSW onsets. With this in mind, Figure 7 shows the amplitude of each of the SDT components over each of the identified 13 SSWs. As in Figure 6 , the data are presented over a 5-week period beginning 1 week before the SSW onset (day 0) as defined above.
The characteristic response of the three tidal components during the 2013 SSW presented in Figure 6 is evident in only a few rows of Figure 7 . Examination of the other time series aligned by SSW onset date reveals no obvious clear and consistent pattern of SDT amplification locked to the SSW onset date. Nevertheless, there is a tendency for the SW2 component to reduce in amplitude following the SSW onset and then return strongly in the subsequent weeks apparent in a number of the time series. However, as mentioned earlier, the definition of an SSW carries a degree of subjectivity, and the exact onset date depends entirely on the parameter(s) used to define the SSW (Butler et al., 2015) . In addition, although grouped together in a 13-event composite, these SSWs have very different characteristics. For example, estimating the duration of the zonal-mean zonal wind reversal at 50 km (averaged over latitude band 71-90°N), there is a range in these 13 SSWs from (approximately) 5 to 25 days, that is, a factor of 5. The implication is that this variable period when the zonalmean zonal winds are reversed can condition the time development of the GW drag, the tidal waveguide, and the anomalous MMC. Furthermore, the SW2 components are observed by SuperDARN at a very limited latitude and altitude range. These limitations may not capture the tidal responses to SSWs (if any) beyond this region.
The complexity of the situation is further compounded by the range of onset dates of the 13 SSW events that span from 10 December to 22 February, with the majority SSW episodes occurring in December and January when the SDT is rapidly changing as evident in Figure 5 . To mitigate these effects somewhat, the 30-day mean smoothed climatology of the amplitude of the individual SDT components (presented in Figure 7 as gray lines on the time series) is subtracted from each of the 13 events to generate a deseasonalized tidal amplitude anomaly. These anomaly time series are then averaged with respect to each SSW onset date to generate the composite tidal response to the SSW. Data in the individual time series are weighted by the reciprocal of the square of the standard error in the averaging process. Figure 8 presents this composite anomaly of SDT amplitudes covering the time period between 7 days before and 28 days after the SSW onset.
These composites reveal the average anomaly amplitude modulation of each of the measured SDT components. The most striking feature is a significant amplitude reduction of the SW2 component (reaching a minimum 5-6 days after the SSW onset) followed by an enhancement that peaks around 13 days after the SSW onset. The difference between these two extremes is nearly 10 m/s in amplitude as measured by the SuperDARN radars. During the period immediately after the SSW onset, we see a diminished SW2 amplitude which is coincident with a slight shift in the mean phase of the tide with a time of maximum up to 2 hr earlier (not shown). The subsequent amplitude enhancement of the SW2 tide, which peaks around 13 days after the SSW onset date, is accompanied by a small increase in the measured amplitude of the SW1 and SW3 components of the SDT by around 2-3 m/s.
As the migrating SDT (generated in the low-latitude lower atmosphere) propagates into the high-latitude MLT, the underlying wind field will significantly modulate its amplitude observed in the high-latitude MLT. In this case, when the underlying winds are strongly westward, conditions become less favorable Figure 7 . The gray area represents the standard error of the weighted mean, and the vertical black line represents the sudden stratospheric warming onset at day 0. SW1 = semidiurnal, westward propagating, zonal wavenumber 1 tide; SW2 = semidiurnal, westward propagating, zonal wavenumber 2 tide; SW3 = semidiurnal, westward propagating, zonal wavenumber 3 tide.
for the propagation of the SW2 tide from the stratosphere into the MLT (see, e.g., Figure 2a in Limpasuvan et al., 2016) . Riggin et al. (2003) discuss the refraction of the SDT in the middle atmosphere and note that the SW2 tide is only weakly propagating at high latitudes. Hence, even small perturbations in the background wind can inhibit the vertical propagation of the tide. We note that the reduction in the amplitude of the SDT immediately after the SSW onset is not observed in the low-latitude observations of Sridharan et al., (2012) . This suggests that this amplitude modulation of the tide occurs in the tidal waveguide between the low and high latitudes. As the westward winds diminish and the upper stratospheric vortex recovers (on average around 10 days after the SSW onset), the zonal wind changes in the middle atmosphere associated with the return of normal wintertime vortex conditions allow the tidal perturbations to propagate freely into the high-latitude MLT. Hence, between 12 and 17 days after the SSW onset, the enhancement in tropical upper stratospheric ozone and the favorable underlying wind conditions throughout the NH upper stratosphere and mesosphere conspire to amplify the SW2 observed in the MLT. This amplification in the SW2 component is also accompanied by a smaller, though statistically significant, increase in the amplitude of both of the nonmigrating components measured here. Around 17 days after the SSW onset, as dynamical conditions and the corresponding ozone excess in the equatorial stratosphere return to normal (see, e.g., Figure 12 in Limpasuvan et al., 2016) , the SW2 tidal anomaly returns to 0.
It is important to note that the event-to-event variability in duration discussed above may act to condition the tidal response to the SSW in a more complex way than can be captured through a simple superposed epoch approach, for example, through modulation in time of ozone at low latitudes or of the tidal waveguide. We further note that the observed results capture the tidal behavior over a rather limited MLT region near 60°N and 95 km. A detailed modeling study to further understand these processes and their influence on the tidal variability is currently underway.
Summary
Leveraging the extensive longitudinal coverage of the HF radar chain which comprises part of the NH SuperDARN network, this paper demonstrates a methodology to explicitly extract key components of tidal perturbations from meteor winds, not possible with single-station or uncoordinated ground observations. We present a 20-year climatology of nonmigrating SW1, migrating SW2, and nonmigrating SW3 components near 60°N and at 95 km altitude (in the MLT region). The annual variation of the derived tides concurs with previous results. Namely, the MLT SDT amplitude maximizes in the autumn equinox with a secondary wintertime maximum. These maxima are dominated by the migrating SW2, with smaller contributions from SW1 and SW3 especially around the equinoxes when the nonmigrating components are of comparable amplitude to the SW2 component.
The longitudinally spread, contemporaneous, long-term observations available from the cross-calibrated chain of similar SuperDARN radars allows us to separate the tidal components at high temporal resolution to demonstrate the behavior of the tide in response to rapid changes induced by the SSW phenomenon, a topic important to the understanding of the coupling processes in the MLT and potential ionospheric variability. In particular, the SW2 amplitude tends to be absent or anomalously weak during the time period immediately following the SSW onset (when the stratosphere wind reverses and becomes westward). However, as the polar atmosphere recovers from SSW conditions, the SW2 amplitudes become anomalously large which may be attributable to (1) the return of wind conditions that allow for upward tidal propagation and (2) anomalous tidal generation due to the enhancement of tropical stratosphere ozone (driven by upwelling and cooling associated with the mean circulation during SSW).
